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Abstract

Habitat shifts from land to water have occurred independently in several mammal lineages. However, because

we do not know completely about the relationship between skeletal morphology and function, both reliable

life reconstructions of each extinct taxon and the timing of those shifts in locomotor strategies are yet to be

fully understood. We estimated the strengths of rib cages against vertical compression in 26 extant and four

extinct mammal specimens including cetartiodactyls, paenungulates, and carnivorans, representing 11

terrestrial, six semi-aquatic, and nine obligate aquatic taxa. Our analyses of extant taxa showed that strengths

were high among terrestrial/semi-aquatic mammals, whose rib cages are subjected to vertical compression

during the support on land, whereas strengths were low among obligate aquatic mammals, whose rib cages

are not subjected to antigravity force in the water. We therefore propose rib strength as a new index to

estimate the ability of an animal to be supported on land while being supported by either the forelimbs or

thoracic region. According to our analyses of extinct taxa, this ability to be supported on land was rejected for

a basal cetacean (Cetartiodactyla: Ambulocetus) and two desmostylians (Paenungulata: Paleoparadoxia and

Neoparadoxia). However, this ability was not rejected for one desmostylian species (Desmostylus). Further study

of the ribs of extant/extinct semi-aquatic taxa may help in understanding the ecological shifts in these groups.
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Introduction

Tetrapoda is a group of vertebrates which shifted their eco-

space from water to land in the Late Devonian (Ahlberg,

1995; Pierce et al. 2012) and later became quite diversified

in their lifestyles. Many tetrapod taxa have secondarily

shifted their habitat from land to water. Among mammals

(Tetrapoda), whales and sirenians are known to have

evolved from terrestrial-quadrupedal origins and have

acquired obligate aquatic lifestyles independently (Nishi-

hara et al. 2005; Wang & Yang, 2013). The evolutionary

process of the shifts in ecospace in these lineages and its

relationship with paleoenvironmental changes have occu-

pied the attention of researchers in the fields of

paleoecology and paleoenvironmentology (e.g. Lipps &

Mitchell, 1976; Suto et al. 2012; Pyenson et al. 2014).

According to the fossil record, obligate aquatic mammals

are thought to have gradually shifted from a terrestrial to

semi-aquatic to obligate-aquatic lifestyle (Gingerich, 2003),

involving extension of the lumbar area, transitions from

limbs to fins, and degeneration of hindlimbs (Howell, 1930;

Gingerich, 2003). Taxa in the early stages of these shifts that

retained all four limbs have been reconstructed as amphibi-

ous animals, due to the presence of four limbs, as well as

the geological settings of the fossil deposits, and the stable

isotope analyses of the teeth (e.g. Desmostylia: Desmostylus

and Paleoparadoxia; Sirenia: Pezosiren: Cetacea: Pakicetus

and Ambulocetus: Thewissen et al. 1994; Yamazaki & Ikeu-

chi, 2000; Domning, 2001, 2002; Thewissen et al. 2001; Inu-

zuka, 2005).

But how can we tell reliably whether these animals

retained the ability to walk on land? Relationships between

their skeletal morphologies and these functions have rarely

been confirmed by biomechanical studies. It is therefore dif-

ficult to reliably reconstruct lifestyles from the skeletal mor-

phologies in these extinct taxa. It is also hard to determine
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when or in which stage of evolution the habitats of these

taxa shifted. Specifically, in which stages they shifted to the

obligate aquatic lifestyle remains unclear.

In arguments concerning habitat shifts from terrestrial

to obligate aquatic lifestyles in secondarily aquatic taxa,

we should take into account not only acquiring the abil-

ity to swim but also loss of the ability of terrestrial loco-

motion. Otherwise, we cannot determine whether the

extinct taxa, especially the ones with limbs, such as des-

mostylians and early cetaceans, were obligate aquatic

mammals (which spend their whole life in water) or semi-

aquatic taxa (which occasionally move on land). We

therefore focused our attention on the use of an indica-

tor for non-terrestriality for more reliable life-reconstruc-

tions in extinct taxa.

The aim of this study is to propose a quantitative biome-

chanical index to determine the presence or absence of

terrestriality. This study also aims to reconstruct the paleoe-

cology of some extinct taxa.

We focused on the strength of the rib cage as an indica-

tor of terrestriality. In quadrupedal postures, serratus mus-

cles which originate from the lateral sides of thoracic ribs

and insert onto the dorsal margin of the scapula, function

to lift up the rib cage during the stance phase (Fujiwara

et al. 2009). The thoracic ribs are subjected to a vertical

compression between the downward body weight and the

upward lifting force (Fig. 1a). Thoracic ribs in both terres-

trial and semi-aquatic quadrupeds are subjected to vertical

compression on land. A rib cage in crawling posture, such

as seals on land being supported by their sterna, is also sub-

jected to vertical compression between the downward body

weight and the upward lifting force on the distal ends of

the thoracic ribs (Fig. 1b). On the other hand, obligate

aquatic taxa do not support their bodies by their forelimbs
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Fig. 1 Mechanical models of thoracic ribs of mammals in terrestrial stances (a) on forelimbs and (b) on thorax; and (c) in the water. The body

weights of animals (the downward solid arrows) are balanced by the upward ground reaction force (GRF) or by upward components of the buoy-

ancy forces (BF). In (a) and (b), the thoracic ribs are subjected to compressive force between the body weight and GRF, which is transmitted to the

distal end of the ribs via forelimb skeleton/sternum and the thoracic muscles, such as m. serratus ventralis and m. pectoralis. h, humerus; p, m.

pectoralis; r, rib; rh, m. rhomboideus; sc, scapula; st, sternum; sv, m. serratus ventralis; v, vertebra.
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or by their sterna. In other words, thoracic ribs in obligate

aquatic mammals are not necessarily adapted for sustaining

vertical/uni-directional compression (Fig. 1c). From the

above, we hypothesized that the thoracic strengths in obli-

gate aquatic mammals are de-emphasized in relation to

their body size compared with those in terrestrial/semi-

aquatic quadrupeds.

Materials and methods

Materials

Thoracic skeletons (ribs and vertebrae) of 26 extant mammalian

taxa (17 cetartiodactyls, four paenungulates, and five carnivorans)

were used to test the above-mentioned hypothesis (Table 1). Cetar-

tiodactyls and paenungulates are monophyletic groups which

include both extant terrestrial/semi-aquatic quadrupeds and extant

obligate aquatic taxa, and are therefore the best taxa to test differ-

ences in thoracic strengths within the group. Aquatic lifestyles in

cetaceans (Cetartiodactyla) and sirenians (Paenungulata) were

derived from terrestrial quadrupedal ancestors (Fig. 2: Nishihara

et al. 2005; Wang & Yang, 2013). There are no obligate aquatic car-

nivorans, but the group includes some extant semi-aquatic taxa that

are highly adapted for swimming, such as pinnipeds and lutrines.

The carnivorans are selected, therefore, to test the difference in

thoracic strengths between terrestrial and semi-aquatic taxa.

We also used four extinct taxa – one early cetacean (Cetartio-

dactyla) and three desmostylians (Paenungulata) – to estimate their

paleoecologies (Table 1). We chose extinct taxa that are phyloge-

netically bracketed within the extant study taxa (Fig. 2: Witmer,

1995) and which retained their limbs to test whether these animals

retained the ability to move on land. We selected fossil specimens

whose bone deformations after burial were expected to be mini-

mal, and whose thoracic skeletons were nearly completely pre-

served (Tokunaga, 1939; Shikama, 1966; Thewissen et al. 1994;

Inuzuka, 2005; Domning & Barnes, 2007).

Body mass data were not recorded for most extant specimens.

For those specimens, the body masses were inferred from the litera-

ture. For Oryx, Giraffa, and Kogia specimens, which were deter-

mined to be young or sub-adult due to incomplete ossification in

their centra, we used the lowest body mass (Table 1: Stewart, 1963;

Nowak, 1999). For the Lagenorhynchus specimen, the largest class

(in terms of body mass) of the taxa, we used the largest body mass

data in the literature (Table 1: Nowak, 1999). The Elephas specimen

was female (Table 1). Therefore, the average body mass data for

female Elephas was used (Nowak, 1999). In the other extant speci-

mens with no body mass data, the averages of the largest and

smallest body mass data were used (Table 1). Body masses of extinct

specimens were estimated (Table 1: Thewissen et al. 1994; Inuzuka,

1996, 2005).

Mechanical model

It is assumed that a vertebra and a pair of associated ribs are firmly

connected to each other to form an arch in dorsal-side-up position

(Fig. 3). The mechanical stresses on thoracic ribs during the stance

phase in quadrupeds (Fig. 1a,b) are assumed such that the centrum

on the vertebra is fixed to avoid three-dimensional translations and

rotations, and the static vertical upward lifting force P (N) is applied

to the distal end of each rib (Fig. 3a). To simplify the model, we also

assumed that rib pairs are symmetric with each other in shape and

are articulated symmetrically to the vertebra. The arch is vertically

compressed between the upward lifting force on the distal ends of

right and left ribs [2P (N) in total] and the downward force [�2P

(N)] caused by the body weight on the centrum (Fig. 1a). Due to

the rib curvatures, bending stresses are distributed in the rib under

vertical compression – compressive and tensile stresses, respectively,

are distributed in the medial and lateral sides of the rib. In this situ-

ation, the bending stresses are defined as positive, and absolute val-

ues of minimum compressive and maximum tensile stresses

produced in the transverse section of the rib are equal. Therefore,

the maximum bending stress rm (MPa) at a certain section of the

rib is defined as follows:

rm ¼ M=Z

where M (Nmm) is the bending moment at the section, and Z

(mm3) is the section modulus. The bending momentM (Nmm) is for-

mulated as follows:

M ¼ P � L

where L (mm) is the bending moment arm that is the distance from

the section to the vector of the vertical force P (N) (Fig. 3a). The sec-

tion modulus Z (mm3) is an index of the difficulty of bending the

beam structure which is specific to the cross-sectional shape. To sim-

plify the model, we assumed that the cross-section of the rib is oval,

and Z is calculated by the following equation:

Z ¼ pw2t

4

where w (mm) is half of the cranio-caudal width of the transverse

section, and t (mm) is half of the inferior-superior thickness of the

section (Fig. 3a).

If rm reaches the yield stress (MPa), the rib is fractured at the sec-

tion. The yield stress is specific to the material. The tensile strength

(yield stress, 200 MPa) and the compressive strength (yield stress,

�170 MPa) of cortical bones in large mammals were assigned for

the estimation in this study (Vogel, 2003). The validity of assigning

material properties to cortical bone for all the study specimens will

be discussed later. The bones of mammals are weak against com-

pression compared with tension. Therefore, we assumed that the

rib fractures if rm reaches 170 MPa (absolute value of compressive

strength). The minimum force Pm (N) that causes fractures at a cer-

tain point on a single side of the rib is estimated as follows:

Pm ¼ rmZ
L

¼ 170pw2t

4L

The bending moment arm (L), the width (2w) and the thickness (2t)

of the rib section are available from the measurements on the speci-

mens (Fig. 3b).

On the assumption that the left and right ribs are symmetric in

shape, we defined the sum of Pms on left and right ribs (2Pm) as the

fracture load (Fm) that causes fractures at certain points on the ribs

(Fig. 3). According to Fujiwara et al. (2009), the maximum stress on

the rib is located at the neck or at the lateral-most point on the cur-

vature of the rib (Fig. 3a). We therefore estimated fracture load on

the neck [Fn (N)] and on the lateral-most [Fl (N)] points on the curva-

ture of the rib shaft of each rib for the two different points (at the

neck and the lateral-most point on the curvature) (Fig. 3; Support-

ing Information Table S1). The more complete rib of each pair in

terms of preservation was chosen for the measurements. The
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fracture load that was the smaller of the loads at these two points

is defined as the fracture load [F (N)] of the arch (F = Fn when

Fn < Fl; F = Fl when Fn > Fl: Fig. 3). We also standardized F by body

weight (N). The body weights, with gravitational acceleration

(9.8065 ms�2), were calculated from the body mass data (Table 1).

With terrestrial support on the forelimbs or sterna (Fig. 1a, b), it

is expected that the vertical reaction force on the sternum is mostly

transmitted to the distal-most points on the true ribs that have

direct skeletal connections to the sternum. We therefore defined

the sum of fracture loads of the true ribs [TF (N)] as the thoracic

Table 1 List of specimens used in this study. Identification number (IN); classification; species; specimen number; life styles (LS: A, obligate aquat-

ics; S, semi-aquatics; T, terrestrial; X, unknown); body mass [BM (kg)]; thoracic strength [(TF (N) = sum of the fracture loads in the true ribs); the

ratio of TF to the total rib strengths [RF (N): sum of fracture loads in all ribs; TF/RF (N/N)]; and literature referenced for the ecology and body mass

data are listed. The ID for each specimen is linked to all figures or tables.

IN Classification Species Specimen LS BM (kg) TF (N) TF/RF Reference

Cetartiodactyla

Tylopoda

01 Camelidae Lama glama KPM-NF 1004950 T 92.5 9550 0.94 Nowak (1999)

Ruminantia

02 Tragulidae Tragulus javanicus NSMT M 42386 T 4.35 474 0.97 From the specimen

03 Giraffidae Giraffa camelopardalis KPM-NF 1001994 T 550 49 300 0.94 Nowak (1999)

04 Bovidae Bos gaurus KPM-NF 1004453 T 825 77 400 0.92 Nowak (1999)

05 Bubalus depressicornis KPM-NF 1001986 T 225 19 200 0.93 Nowak (1999)

06 Tragelaphus eurycerus KPM-NF 1002669 T 185 19 400 0.90 Nowak (1999)

07 Oreamnos americanus KPM-NF 1004520 T 93.0 10 500 0.91 Nowak (1999)

08 Oryx leucoryx KPM-NF 1004595 T 54.5 3930 0.82 Stewart, 1963

Whippomorpha

09 Hippopotamidae Choeropsis liberiensis NSMT M 31204 S 215 27 700 0.86 Nowak (1999)

10 Hippopotamus amphibius NSMT M 948 S 1000 78 200 0.78 Nowak (1999)

Cetacea

11 Ambulocetidae Ambulocetus natans† NSM PV 20703 X 300 11 600 0.37 Thewissen et al.

(1994)

12 Balaenopterydae Balaenoptera brydei NSMT M 34505 A 11 500 35 600 0.18 From the specimen

13 Delphinidae Grampus griseus KPM-NF 1004648 A 425 6590 0.67 Nowak (1999)

14 Lagenorhynchus obliquidens KPM-NF 1004643 A 124 5500 0.87 Nowak (1999)

15 Orcinus orca PNPA-Ma 1.2.4. A 1590 58 600 0.85 From the specimen

16 Monodontidae Delphinapterus leucas NSMT M 34189 A 1500 54 200 0.77 Nowak (1999)

17 Kogiidae Kogia sima KPM-NF 1005210 A 136 6560 0.73 Nowak (1999)

18 Ziphidae Berardius bairdii NUM unnumbered A 11 400 260 000 0.87 Nowak (1999)

Carnivora

19 Ursidae Ursus maritimus NSMT M 31421 S 350 72 200 0.93 From the specimen

20 Mustelidae Lutrogale perspicillata NSMT M 4590 S 9.00 2980 0.93 Nowak (1999)

21 Enhydra lutris NSMT M 37707 S 23.5 6720 0.93 Nowak (1999)

22 Phocidae Phoca largha KPM-NF 1001967 S 81.0 14 400 0.87 From the specimen

22 Felidae Felis catus SIF 005 T 2.60 1490 0.95 From the specimen

Paenungulata

Hyracoidea

24 Procaviidae Procavia capensis NSMT M 34889 T 3.62 563 0.76 From the specimen

Proboscidea

25 Elephantidae Elephas maximus KPM-NF 1004114 T 2720 263 000 0.78 Nowak (1999)

Sirenia

26 Dugongidae Dugong dugon NSMT M 26449 A 295 33 400 0.61 Nowak (1999)

27 Trichechidae Trichechus senegalensis KPM-NF 1003745 A 500 8250 0.40 Nowak (1999)

Desmostylia

28 Desmostylidae Desmostylus hesperus† GPM Fo-1 X 1470 106 000 0.68 Inuzuka (2005)

29 Paleoparadoxiidae Paleoparadoxia tabatai† GPM Fo-47 X 993 23 100 0.72 Inuzuka (1996)

30 Neoparadoxia repenningi† GPM Fo-49 X 2510 68 100 0.74 Inuzuka (2005)

Life styles of extant taxa were based on Howell (1930).

GPM, Gifu Prefectural Museum, Seki, Japan; KPM, Kanagawa Prefectural Museum, Odawara, Japan; NSM, National Museum of Nature

and Science, Tokyo, Japan; NSMT, Tsukuba Research Departments, National Museum of Nature and Science, Tsukuba, Japan; NUM,

Nagoya University Museum, Nagoya, Japan; PNPA, Port of Nagoya Public Aquarium, Nagoya, Japan; SIF, personal collection of Shin-

ichi Fujiwara, NUM. Dagger marks (†) indicate extinct species.
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strength of the specimen, e.g. thoracic strength (TF) in Bos is a sum

of Fs from the first to sixth ribs (the true ribs) (Table S1). The calcula-

tions and drawing of the graphic chart were conducted by using R

3.2.2 (R Foundation for Statistical Computing).

Measurements

The moment arm of the fracture load (L), the width (2w), and the

thickness (2t) of the transverse section of the rib are required to

estimate the fracture load (F). Of these, measurements of the width

(2w) and the thickness (2t) were taken directly on the skeletons of

the study specimens using a vernier caliper (0–200 mm; accuracy,

0.01 mm; CD-20CPX, Mitutoyo Co., Ltd).

We could not measure directly the moment arms of the fracture

loads (Lm) on the study specimens because no landmarks could be

used to measure the foot of the moment arm on the skeleton

(Fig. 3a). Therefore, the medio-lateral distances of the neck (Ln) and

the lateral-most point on the rib curvature (Ll) from the upward vec-

tor P (Fig. 3a) were measured in three different ways depending on

the specimens:

With mounted specimens, the measurements were taken

directly on the skeletons using the above-mentioned vernier

caliper or a Martin-type anthropometer (200–2000 mm; accu-

racy, 1 mm). Measurements were taken for widths between

the distal ends (2d), the necks (2n), and the lateral-most points

Suina (T)

Antilocapridae (T)
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Bovidae (T)*
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Fig. 2 Phylogenetic relationships in (a) Cetartiodactyla (Wang &

Yang, 2013), (b) Carnivora (Flynn et al. 2005), and (c) Afrotheria

(Nishihara et al. 2005). A, obligate aquatics; S, semi-aquatics; T,

terrestrial quadrupeds; X, unknown. Asterisks: The taxa which include

the study taxa.
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Fig. 3 (a) Mechanical models of an arch formed by a vertebra and

associated ribs in dorsal-side-up position. The centrum (cross) is fixed

to avoid translations and rotations, and the distal end of each rib is

subjected to a vertical load [P (N)]. The arch is vertically compressed

between the upward lifting force [2P (N) in total] and the downward

reaction force [�2P (N)] on the centrum. (b) Measurements taken

from mounted skeletons. The width (2w) and the thickness (2t) of the

transverse section of the rib, and the distances between the necks

(2n), the lateral-most points (2l), and the distal ends (2d) on the left

and right ribs are shown. The moment arms Ln and Ll were calculated

as equations ‘|d – n|’ and ‘|d – l|’, respectively.
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(2 l) of the left and right ribs (Fig. 3b). The moment arms Ln
and Ll were defined, respectively, as |d – n| and |d – l|.

With relatively small unmounted specimens, a set of vertebra

and ribs were firmly connected to each other at the articular

surfaces of the costovertebral joint before measurements. The

arch of the ribs and vertebra together was photographed from

the caudal side with graph paper ruled into 1-mm squares as

the background. These photographs were taken from as far as

possible to minimize the influence of skewness of the lens and

parallax. The photographs were then scaled based on grid size.

The orientation of the neural spine on the photograph was

defined as the dorso-ventral axis, and the line perpendicular to

the axis was defined as the medio-lateral axis. Ln and Ll were

determined to be differences between medio-lateral compo-

nents from the distal end to the neck and to the lateral-most

point of the rib, respectively.

With relatively large unmounted specimens, the vertebra and

ribs were laser-scanned using Kinect (Microsoft Co.), and the

three-dimensional (3D) polygons of the skeletons were

constructed on a computer using 3D data editing software

(ARTEC STUDIO 9, Datadesign Co., Ltd.). The 3D skeletal models

were set dorsal-side-up, and the measurements Ln and Ll were

taken on the 3D model – Ln and Ll were determined to be dif-

ferences between horizontal components from the distal end

to the neck and to the lateral-most point of the rib, respec-

tively. The resolution of the scanner (2 mm when laser-scanned

at 1 m distance: Khoshelham & Elberink, 2012) is considered

to be negligible in relation to the scale of the specimens

(Berardius and Elephas; Tables 1 and S1).

Results

Fracture loads on each rib in the study specimens are listed

in Table S1. The estimated fracture loads (F) in both terres-

trial and semi-aquatic quadrupeds were emphasized in true

ribs, in contrast to the F values in false and floating ribs

(Table S1). F values in the first ribs were especially empha-

sized in Bos, Oreamnos, Tragelaphus, and Lama (Table S1).

In Elephas, F values in the first three ribs were pronounced

– the fracture load standardized by the body weight (safety

factor) exceeded 2.00 in these ribs (Table S1). In these terres-

trial and semi-aquatic taxa, the ratios of thoracic strength

[TF (N)] to the total of F values in the specimen [RF (N): sum

of F values in all ribs, including true, false, and floating ribs]

exceed around 0.88–0.89% on average (Table 1). There was

little difference in the ratio [TF/RF (N/N)] between terrestrial

and semi-aquatic taxa, both of which can be supported on

land by lying on their thorax (Table 1). The high TF/RF val-

ues in these taxa suggest that the contribution of the true

ribs to strength against vertical compressions is relatively

high.

On the other hand, the F values were not emphasized in

any ribs among true, false, and floating ribs in obligate

aquatic taxa (cetaceans and sirenians: Table S1). The ratios

(TF/RF) were relatively low (0.66 on average) in these taxa

(Table 1).

Relationships between body mass and thoracic strength

(N) in the study specimens are shown in Fig. 4. Body mass

was positively correlated with thoracic strengths in terres-

trial quadrupeds, semi-aquatic quadrupeds, and obligate

aquatics (Fig. 4). Correlation coefficients of the regression

lines were high (R = 0.999 in terrestrial quadrupeds;

R = 0.867 in semi-aquatics) in terrestrial and semi-aquatic

quadrupeds, but were relatively low in obligate aquatic

mammals (R = 0.690).

The regression lines for the terrestrial and semi-aquatic

quadrupeds were similar to each other, although the inter-

cept of the line was slightly larger in semi-aquatics than in

terrestrials. Both terrestrial and semi-aquatic carnivoran

taxa showed relatively high thoracic strengths for their

body mass compared with those in terrestrial and semi-

aquatic cetartiodactyls and paenungulates (Fig. 4). The

intercept of the regression line was small in obligate aqua-

tic taxa.

Relationships between body masses and thoracic

strengths standardized by body weight are shown in Fig. 4.

In all terrestrial and semi-aquatic taxa, thoracic strengths

were no less than 7.35 9 body weight (N). Among the ter-

restrial and semi-aquatic taxa, thoracic strengths per body

weight in carnivorans tended to be higher than those in

the cetartiodactyls and paeungulates (Fig. 4).

Thoracic strengths in obligate aquatic taxa tended to be

lower than those in terrestrial and semi-aquatic taxa, but

the value varied by taxon (Fig. 4). Thoracic strengths were

0.32~4.92 9 body weight in most cetaceans and Trichechus

(sirenians). However, the value was higher in the Dugong

specimen (sirenians), whose value was comparable to those

in terrestrial and semi-aquatic taxa (7.58 9 body weight:

Fig. 4).

Thoracic strengths estimated in extinct taxa are shown in

Fig. 4 and Table S1. In Ambulocetus (early cetacean), Pale-

oparadoxia, and Neoparadoxia (desmostylians), the fracture

loads (F) for each rib were especially low (2.37~3.59 9 body

weight: Table S1). Thoracic strengths in these three taxa

were similar to those in extant obligate aquatics (Fig. 4).

The thoracic strength in Desmostylus (desmostylians), how-

ever, was as high as those in terrestrial/semi-aquatic quadru-

peds (7.40 9 body weight: Fig. 4).

Discussion

The strength analyses of the rib cages of extant mammals

reveal that thoracic strengths in terrestrial and semi-aquatic

quadrupeds exceed a certain level (> 7.35 9 body weight).

During terrestrial locomotion in mammals, the limb skele-

tons usually bear the peak stresses, which range from one

quarter to one half of the fracture loads (Biewener, 1990).

The relatively high rib strengths for the body masses esti-

mated in quadrupeds are consistent with the idea that the

thoracic ribs in quadrupeds are subjected to vertical com-

pression during locomotion (Fujiwara et al. 2009). High cor-

relation coefficients of the regression lines in terrestrial

(R = 0.999) and semi-aquatic quadrupeds (R = 0.867)
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indicate that thoracic strength is strongly related to the

function of the body support. The differences in thoracic

strengths between terrestrial/semi-aquatic carnivorans and

terrestrial/semi-aquatic cetartiodactyls and paenungulates

may reflect differences of the lineages (Figs 2 and 4).

On the other hand, the rib cages in obligate aquatics are

not subjected to vertical compression in the water and their

rib cages therefore have no need for retaining their

strength against vertical compression. Compared with those

of quadrupeds, de-emphasized thoracic strengths in most

obligate aquatic mammals (Fig. 4) are consistent with this

idea. In theory, the taxa whose ratio of thoracic strength to

body weight exceeds more than 1.00 may be able to sup-

port their bodies on land while resting on either forelimbs

or thoraxes. A relatively low correlation coefficient in obli-

gate aquatic mammals (R = 0.690) suggests that thoracic

strength and body mass are less relevant in these animals.

Indeed, the relatively small cetaceans, such as dolphins, can

land on their bellies. However, the strengths of rib cages

for their body masses were much below the level of the ter-

restrial quadrupeds and therefore they were not adapted

for active quadrupedal motions or creeping-on-bellies on

land. The thorax may be strengthened against vertical

compression as well in obligate aquatic taxa, and some

extant taxa, such as Dugong (Table 1), showed relatively

high thoracic strength comparable to that in terrestrial taxa

(Fig. 4). The thoracic strength in Dugong may be correlated

with the ability of the terrestrial support on the belly or

with any other biomechanical requirements on the thoracic

bones which are yet to be known. The other strength analy-

ses, by assuming different mechanical conditions on the

thorax, such as the resistance against hydrostatic pressure,

may solve this problem.

From the above-mentioned points, thoracic strengths

could become a reliable index to determine whether an ani-

mal had the ability to move on land, especially in extinct

cetartiodactyls and paenungulates. Use of the strengths of

rib cages was first introduced by Fujiwara et al. (2009) for

estimating scapular position in terrestrial quadrupeds, but

the strengths were estimated by using commercial software

(MARC/MENTAT, MSC Software Co., Ltd.: Fujiwara et al. 2009).

We succeeded in improving the method in Fujiwara et al.

(2009) by taking the thicknesses of ribs into account, as well

as simplifying the measurement process, and using com-

monly used software (e.g. R; R Foundation for Statistical

Computing).
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Rib strengths in some extinct taxa that retained all four

limbs were plotted within the distributions of extant obli-

gate aquatic taxa (~3.59 9 body weight: Fig. 4). According

to our analyses, Ambulocetus, Paleoparadoxia, and Neop-

aradoxia were determined to be non-terrestrial (obligate

aquatic mammals) due to the absence of the thoracic

strength required for terrestrial support – thoracic strength

would be a restricting factor for their terrestrial locomotion

even though they have limbs. The interpretation of Paleop-

aradoxia is consistent with the results of Hayashi et al.

(2013), who reconstructed this animal as a shallow-water

swimmer based on observations of its bone histology. On

the other hand, our analysis did not reject the possibility of

terrestrial locomotion in Desmostylus, which showed rela-

tively high thoracic strength (Fig. 4).

Some other studies have offered interpretations different

from our result, namely that Ambulocetus and desmosty-

lians were capable of terrestrial locomotion on all four

limbs or on bellies like extant seals (i.e. Thewissen et al.

1994; Madar et al. 2002; Inuzuka, 2005, 2009). These recon-

structions were derived from the following skeletal features

of their limbs and vertebrae which were similar in shape to

extant semi-aquatic mammalian taxa – Ambulocetus: rela-

tively robust forelimbs, short femur with relatively small

area of the anti-gravity muscle attachments, shape of the

vertebral column which is suitable for dorsoventral undula-

tion (Thewissen et al. 1994), robust sacrum which retains a

firm connection to the ilium, and the vertebrae similar in

shape to those of extant lutrines (Carnivora) (Madar et al.

2002); desmostylians: robust limb skeletons with relatively

broad muscle attachments for pectoralis on the humerus

and sternum (Inuzuka, 1984). To make more reliable recon-

structions of the extinct taxa, it is important to take the

above-mentioned interpretations from the skeletal mor-

phologies into account, in addition to our new index based

on the thoracic strengths. But remains to be fully under-

stood whether the strength of bone (e.g. Alexander, 1985;

Biewener, 1990; Christian & Preuschoft, 1996) or the

mechanical advantages of the musculoskeletal system (e.g.

Fujiwara, 2009; Fujiwara & Hutchinson, 2012) in the axial

and appendicular skeletons of these extinct taxa were suffi-

cient for body support on land. An index for estimating ani-

mal ecology related to mechanical function becomes more

powerful if the relationship between the index and animal

ecology is shown to be consistent with the biomechanics

and is also established in various species of extant taxa. Tho-

racic strength was proposed as one among many of those

biomechanical indices to discriminate between terrestrial

and obligate aquatic lifestyles in mammals. If additional

biomechanical indices for estimating the capability of ter-

restrial locomotion from the limb or vertebral morphologies

were proposed, and those indices were used together with

thoracic strength, we expect that we could get much closer

to a correct answer about the paleoecology of an extinct

animal. Among the various stages of evolution from

terrestrial to obligate aquatic taxa in the lineages of ceta-

ceans and desmostylians, we only studied a limited number

of the species (Table 1). To understand the ecological shifts

along these lineages, it is worth estimating the thoracic

strengths in the more basal and the more derived states

within the studied taxa (e.g. Cetacea: Rodhocetus, Pakice-

tus, and Dorudon; Desmostylia: Behemotops and Ashoroa;

Sirenia: Pezosiren and Protosiren: Inuzuka, 2005; Beatty,

2009; Domning, 2001; Thewissen et al. 2001), which is

expected to be a challenging topic for future study.

There are some limitations of our study. The first concerns

the uncertainty of material properties in each bone of the

study specimens. To simplify the model, we assigned mate-

rial properties to cortical bone (Vogel, 2003) by assuming

that all the skeletal materials used in this study were uni-

form and had no marrow cavities; in fact, the bone densities

vary with taxa, element, and also growth stage. The rib

shafts in terrestrial taxa consist of cortical bones but are hol-

lowed at the marrow cavity (Thewissen et al. 2009),

whereas those in sirenians, Ambulocetus, and Paleopara-

doxia consist of dense osteosclerotic cortical bone (Gray

et al. 2007; Housaye, 2009; Buffr�enil et al. 2010; Hayashi

et al. 2013), and those in later-diverging cetaceans and Des-

mostylus consist of cancellous bone whose density is rela-

tively low (Gray et al. 2007; Hayashi et al. 2013). These

differences in bone density among the taxa may influence

the yield stresses of the material as well as estimations of

the thoracic strengths.

Even if the material properties of the inner layers of the

bone varied among the study specimens, the peak stresses

on the rib shafts are distributed at the external surface

under vertical compression (Fujiwara et al. 2009). Therefore,

our estimates of thoracic strength are likely appropriate in

terrestrial/semi-aquatic extant taxa, sirenians, and paleop-

aradoxiids, the external layers of whose ribs consist of simi-

lar material – cortical bone.

On the other hand, yield stress in cancellous bone, which

is relatively low in density, is smaller than that in cortical

bone, which is relatively high in density (e.g. Keaveny et al.

2003; Bayraktar et al. 2004). If the difference in these yield

stresses between cancellous and cortical bones were taken

into account, the thoracic strengths in cetaceans and Des-

mostylus would be expected to be much lower than the

strength estimated in this study (Fig. 4, Table S1). If so, the

weaknesses of the thoracic strengths in cetaceans would be

expected to be emphasized, and the thoracic strength of

Desmostylus would be expected to deviate from the range

of the strengths in extant terrestrial/semi-aquatic taxa.

The second limitation discussed here is the uncertainty of

the body mass data and the center of mass position

(Table 1). Most of the body mass data used in this study

were not taken from the specimens when they were alive

but from the literature, due to the absence of specimen

records. In terrestrial support, the thoracic ribs bear weight

on the forelimbs, but do not sustain the entire mass of the
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body. Therefore, the contributions to body support among

forelimb, hindlimb, and abdomen for each studied taxa

should also be involved. Using the body mass data and the

center of mass position of living specimens would provide

more accurate estimations for our analyses of thoracic

strengths.

The third limitation concerns the definition of the tho-

racic strengths. As mentioned above in the Materials and

Methods section, thoracic strength was defined as the sum

of vertical fracture loads on true ribs of the specimen. This

is based on the assumption that the ground reaction force

during a stance is mainly applied to the true ribs via serra-

tus and pectoral muscles (Fujiwara et al. 2009); however,

the serratus muscles originate not only from true ribs but

also may originate from the other ribs, such as false ribs

(e.g. Nickel et al. 1986; Fujiwara et al. 2009). We did not

take the strengths (fracture loads) of these false ribs into

account, not only because it was difficult to determine

which false ribs have the origins of serratus muscles from

the skeletal specimens, but also because the serratus which

originate from the false ribs tend to be more obliquely

oriented and are expected to bear relatively little weight

compared with the more vertically oriented serratus which

originate from the true ribs. If further myological studies

were carried out for these study taxa and their ribs differ-

entiated into two different types (the ribs with and with-

out the origins of the serratus muscles), more precise

estimation of the rib cage strength would be achieved

from the method in this study. However, the fracture

loads in the false ribs were relatively small (Table S1).

Therefore, the estimations of thoracic strengths would not

be changed dramatically whether the false ribs were

included or not in the estimation of the thoracic strength

[TF (N): Fig. 4].

Despite the above-mentioned limitations, this study

reveals differences in thoracic strengths between the terres-

trial/semi-aquatic quadrupeds and the obligate aquatic

taxa. We expect that the new index proposed in this study

can be used for clarifying when or in which stage of evolu-

tion some mammalian or other tetrapod lineages escaped

from the land and shifted their habitats to the water.

Conclusion

A new method was proposed to estimate thoracic strength

against dorso-ventral compression. A measure of this

strength in 11 terrestrial, six semi-aquatic, and nine obligate

aquatic taxa representing three mammalian groups, two of

which include taxa that have shifted from terrestrial quad-

rupeds to obligate aquatics, was analyzed in this study. The

results show that the costal strengths relative to the body

masses in obligate aquatic taxa are weaker than those in

terrestrial and semi-aquatic quadrupeds. The index of costal

strength can also be used as a quantitative tool to recon-

struct locomotor behaviors in extinct taxa. Based on our

new index, a basal cetacean (Ambulocetus) and two des-

mostylians (Paleoparadoxia and Neoparadoxia) were recon-

structed as obligate aquatic mammals; however,

terrestriality in another desmostylian (Desmostylus) was not

rejected. Further analyses in other taxa may help to under-

stand the timings and evolution of secondary ecological

shifts in the lineages of aquatic mammals.
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